Ultrastructural Circuitry in Retinal Cell Transplants to Rat Retina by Zucker, Charles L. et al.
Freund Publishing House Ltd., 1994
Ultrastructural Circuitry in Retinal Cell Transplants to Rat Retina
Charles L. Zucker*, Bemdt Ehinger+, Magdalene Seiler*, Robert B. Aramant* and Alan R. Adolph*
*The Schepens Eye Research Institute andHarvardMedical School, Boston, MA, USA
+Department ofOphthalmology, University ofLund, Lund, Sweden
Present address: Department ofOphthalmology & Visual Sciences andDepartment ofAnatomical Sciences
& Neurobiology, University ofLouisville Medical School Louisville, KY, USA
SUMMARY
The development of five transplants of fetal
retinal tissue to adult rat eyes was examined
with the electron microscope. The transplants
were of 9 to 10 weeks total age after conception
in four cases and 20 weeks in one case. They
were at stage El5 when transplanted.
Transplants developed in both the epiretinal and
subretinal spaces.
The transplants were heterogeneously
developed with some parts showing almost
normal differentiation and others little.
Subretinal transplants examined in this study
were more developed than epiretinal grafts.
Photoreceptor cells developed both inner and
outer segments. Their synaptic terminals
possessed output ribbon synapses with
postsynaptic processes similar to those seen in
normal retinas. In regions corresponding to the
inner plexiform layer, the adult complement of
synapses was seen, including advanced features
such as serial synapses as well as reciprocal
synapses at bipolar cell dyads. Incompletely
differentiated synapses of both the amacrine and
bipolar cell types were often observed, especially
in the rat epiretinal transplants. Ganglion cell
processes could not be identified with certainty.
Although transplant cells were adjacent to
host photoreceptor cells and pigment
epithelium, obvious specializations or
interactions were not observed. The experiments
Reprint address:
Dr. Berndt Ehinger
Department ofOphthalmology
Lurid University Hospital
S-22185 Lund
Sweden
suggest that embryonic rat retinal cell
transplants develop most or perhaps all of the
structural components and neuronal circuitry
necessary to transduce light and process some
visual information.
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INTRODUCTION
Cells ofimmature neural retina have been shown
to survive and differentiate when transplanted to
adult retina in a few mammalian species /6,9,11-
16,20-22,26-28,30-33/, and xenografts have
similarly been successful (mouse to rat, fetal human
retinal cells to adult rat retina) /5,7,17/.
Transplantation ofmature retinal cells has also been
reported /30,31/. However, there are only a few
reports on the ultrastructure of the transplants, and
none that exclusively deals with the electron
microscopy of rat to rat transplants, which initiated
the work reported here.
Transplantation of embryonic retinal cells offers
an interesting model for studies on factors
governing the differentiation of central nervous
system neurons. Provided that the neurons in the
transplants form a reasonably normal synaptic
network with each other, there may also be a
clinical use for retinal cell transplants. To establish
the extent to which the transplants form the type of
synapses and the architecture seen in normal
development, we have examined the ultrastructure
of transplants of fetal rat retina to adult rat retina.
The transplants were studied at 7 to 8 weeks after
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implantation (four eyes) and, in two eyes, at 19
weeks. The rat retina is fully differentiated 3 weeks
postnatally, which would correspond to a transplant
age of4 weeks. It has been shown with cell markers
for glial cells /29/ and for neurons /4/ that rat
embryonic transplants develop according to their
intrinsic timetable. All synaptic types seen in normal
retinas were found in the transplants, including gap
junctions which have not previously been seen in
transplants. The results reported here have
previously been presented in preliminary form
/19,37,38/.
MATERIALS AND METHODS
Transplantations were performed in rats using
the methods described earlier /6,33/. Briefly, the
fetal retinas were dissected from the surrounding
tissues in sterile phosphate buffered saline, which
was also used as the injection vehicle. Adult female
albino Sprague-Dawley rats received unilateral
retinal grafts by injecting 0.5-1 tl of embryonic
tissue into a small lesion made by cutting through
sdera, horoid, and retina 1-2 mm behind the
equator/5/. Pieces of peripheral and central donor
retina were randomly mixed in the transplants.
Transplants from six eyes were examined with
the electron microscope, four from transplants
taken 8 weeks after the transplantation and two
taken 19 weeks after the transplantation. All were
transplanted at stages E13-El 5. Pigment epithelium
was not included. Three transplants were epiretinal,
one was subretinal and two were both epi- and
subretinal. We define an epiretinal transplant as one
sitting on the vitreal surface of the retina and a
subretinal transplant as one located between the
photoreeeptors and the pigment epithelium, i.e. in
the space formed under the neuroretina when it
detaches from the pigment epithelium. From a strict
ontogeneti point ofview, this is an intraretinal site,
but we feel the term "subretinal" more appropriately
describes the location of the transplant than terms
like "intraretinal" or "paraphotoreceptoral" would.
The retinas oftwo sham-operated animals were also
examined by light microscopy two weeks after
surgery. They did not show any structures that
could be confused with transplanted tissue.
For both light and electron microscopy, retinas
were fixed with 1.6% glutaraldehyde plus 1%
freshly prepared formaldehyde in 0.1 M sodium
phosphate buffer containing 0.15 mM CaCI2, pH
7.35 for one hour at room temperature, followed by
overnight at 4C. The tissue was then washed, post-
fixed for one hour with 2% OsO4, dehydrated
through a graded series of ethanol and embedded in
epon. 1 tm sections were cut with a glass knife for
light microscopy and stained with a mixture of
methylene blue and toluidine blue. For electron
microscopy, 80 nm silver sections were cut with a
diamond knife, counterstained with both uranyl
acetate and lead citrate and examined with both a
Philips 410 and a JEOL 100CX electron micro-
scope, each operated at 80 kV.
RESULTS
Light microscopy
With the light microscope, different regions of
the transplants resembled the normal layers in the
adult retina. The degree of differentiation was
assessed from the diversity of cell types (as
determined by cell body size and the density of
cytoplasmic and nuclear staining) and the
proportion of laminated regions in the transplant,
rosettes included (see below). Subretinal grafts
were generally better differentiated than epiretinal
gratis. The description given here is based on
subretinal grafts, and differences between the two
types will be noted separately.
The grafts were composed of cell layers
organized into rosettes with photoreceptor cells
oriented toward the rosette lumen (Figure 1), as
previously described/5/. A rosette is composed of a
lumen surrounded by an innermost shell of
photoreceptor cells and, to varying degrees, by
other retinal layers. An outer limiting membrane
(i.e. a zone of junctions between the cells) at the
level of the photoreceptor cells was also usually
seen. Photoreceptors were seen to form the most
central cell layer ofthe rosettes. Often, a concentric
neuropil similar to an outer plexiform layer was
seen surrounding the photoreceptor cell bodies. The
space between rosettes was usually filled with cells
similar to those of the inner nuclear layer and with
neuropil regions resembling the inner plexiform
layer. We did not find it effective to use the
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morphology of the cell bodies to distinguish
different cell types in this region. On occasion,
regions containing only poorly differentiated cells
were also found interspersed amongst the relatively
well differentiated regions. There was no obvious
ganglion cell layer, nor was there any well
organized inner limiting membrane. Although
polarized toward rosette centers, layering was
usually seen reminiscent of that ofthe normal retina
(Figure lb).
In contrast to the normal appearance of the host
rtina peripheral to the grait, host photoreeeptor
clls showed varying degrees of degeneration where
the gratt separated these cells from the pigment
epithelium. No cellular infiltration or other signs of
inflammation were seen in either the host or
transplant.
Electron microscopy
Electron microscopy confirmed that graft
regions which in the light microscope resembled
normal retinas usually contained the cellular and
synaptic components expected in a normal retina.
Projecting into the rosette lumens, photoreceptor
outer and inner segments with connecting cilia and
basal bodies were common, otten distorted, but at
times only moderately so (Figure 2). MOiler glia
microvilli otten projected into the center of the
rosettes (Figure 3a), at times so abundantly that the
center of the rosette appeared to consist of
microvilli only (Figure 3b). Macrophage-like cells
with dense nuclei and an abundance of lysosome-
like organdies were observed in the center of the
rosettes with moderate frequency.
The photoreceptor synaptic terminals were
either clustered or aligned with each other,
frequently containing one or several synaptic
ribbons with postsynaptic processes arranged in a
dyadic or triadic configuration. The triads otten
contained processes resembling both horizontal and
bipolar cell types in well developed parts of the
transplants (Figure 4). Numerous synaptic vesicles
filed the photoreceptor terminals, and synaptic
ribbons were prominent at the invaginations. A
presynaptic arciform density was commonly
present, and both the pre- and postsynaptic
membranes showed increased electron density as is
typical in fully developed photoreceptor synapses.
Some regions, especially within epiretinal gratis,
were less well developed, with many of the
photoreceptor terminals showing poorly defined
structural features. Occasionally, synaptic ribbons
were found within photoreceptor terminals without
any direct association with the cell membrane or any
postsynaptic processes (Figure 4b).
Regions corresponding to the inner plexiform
layer exhibited a relatively high synaptic density
which was consistent from region to region (Figure
5). Most, but not all synaptic terminals contained
conventional synaptic vesicles. Occasionally, small
and large dense-cored vesicles could be seen
(Figure 6). Synapses of the conventional type
(thought to represent amacrine cell synapses) were
relatively common (Figure 7a). Amacrine-to-
amacrine synapses were common, sometimes in
both serial and reciprocal configurations (Figure
7b). Amacrine cell processes also made contacts
with, and received input from, bipolar cell processes
(Figure 7c). The identity ofsome photoreceptor cell
processes could not be positively determined.
Occasional amacrine cell synapses onto small
dendritic spines or thin intervaricose processes were
seen.
Bipolar cell processes in the inner plexiform
layer are characterized by their high density of
synaptic vesicles and ribbon synapses with the
postsynaptic processes arranged in dyads. Such
synaptic arrangements were often observed within
inner plexiform regions ofthe gratis. Most otten the
two postsynaptic elements were amacrine cell
processes (Figure 8a), but in a quarter to a fitth of
the cases, one was a clear-cut amacrine cell process
whereas the other was conspicuously different, with
microtubules but no synaptic vesicles or any other
characteristic amacrine cell marker (Figure 8b).
These features are also typical of the postsynaptic
elements at bipolar cell synapses found in normal
retinas. Monadic ribbon synapses with only one
postsynaptic element (Figure 8c), and bipolar cell
processes with synaptic ribbons not directly
associated with the cell membrane were infrequently
present (Figure 8d).
Electrical gap junctions have been identified
between amacrine cell processes as well as amacrine
cell processes and amacrine cell bodies (Figure 9a).
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Fig. 1: Light micrographs of a rat-to-rat subretinal transplant. (a) At low magnification, the general relationship between
the graft and the host retinas is apparent. Prominent rosettes (.) are separated by regions of neuropil. Such subretinal
grafts can be clearly distinguished from the overlying host retina (nuclear layers" ]) which maintains a relatively
extensive outer nuclear layer (). (b) At higher magnification, the subretinal graft is seen to contain most of the nuclear
and plexiform layering typical of normal retinas. Photoreceptor outer segments appear within the rosette core (*).
Between this outer nuclear layer and another nuclear layer, which resembles the inner nuclear layer, is an outer
plexiform layer (--)). Extensive inner plexiform-type regions are apparent between the rosetted layers.
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Fig. 2: Electron micrograph showing both inner and outer segments within a rosette core from a rat-to-rat retinal graft. Well
oriented stacks of outer segment discs (.), as well as prominent connecting cilia (-->) and their associated basal bodies
are shown.
(a) Mtiller glia microvilli (-) are shown projecting into the center of a rosette. A photoreceptor inner segment is also
visible (*). (b) In extreme cases, the center of the rosette appeared to consist of microvilli only (V). In both a and b, a
distinct outerlimiting membrane made up of a band ofjunctions is seen ().
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Fig. 4:
Fig. 5:
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Electron micrograph from an inner plexiform
region of a subretinal graft. Most, but not all
synaptic terminals contained conventional synaptic
vesicles. As is shown here, small and large dense-
cored vesicles could be seen ().
delineated. Occasionally, photoreceptor terminals
appeared in general neuropil areas which also
contained amacrine cell synaptic contacts. When
present, these photoreceptor terminals rarely
contained clearly defined postsynaptic elements.
Furthermore, the synaptic ribbons in epiretinal
transplants sometimes appeared to be condensed,
abnormally folded, or as two or three segments
lying next to each other. They often showed no
direct relationship with the cell membrane. Within
rosette cores, photoreceptor inner and outer
segments were found only at a low density and were
poorly developed. The cores were frequently
densely filled with microvilli from Miiller cells
radiating out of a well-defined outer limiting
membrane.
Contrasting with observations on subretinal
transplants, regions ofthe inner plexiform layer type
tended to be quite variable in epiretinal transplants,
with poor structural integrity in many regions. Many
amacrine cell terminals exhibited only an electron-
translucent cytoplasm with a low density of synaptic
vesicles. Synapses made by these terminals often
displayed only a few synaptic vesicles (Figure 10).
Intermixed with such terminal "ghosts", amacrine
cell terminals with a relatively normal appearance,
containing a 8ood complement of synaptic vesicles,
usually of the small type, could be found.
Occasional large dense-cored vesicles were also
observed. There was also a significant variability in
the morphology of bipolar cell terminals, some
being relatively normal, whereas many showed
monadic arrangements or ribbons not associated
with other synaptic structures.
Gap junctions between an amacrine cell process and
a dissimilar but unidentifiable process have also
been noted (Figure 9b).
Epiretinal transplants
Regions resembling the outer and inner
plexiform layers were somewhat difficult to find in
this transplant type. Although rosettes were
common, their borders tended to be poorly
DISCUSSION
The observations reported in this study show
that synapses form in large numbers in regions
analogous to the inner and outer plexiform layers.
This conclusion correlates well with results obtained
in a study with human to rat xenotransplants/17,18/
and synapses have also been noted in other electron
microscopic studies of retinal cell transplants (see,
e.g.,/11/). Most synaptic contacts appear normal in
terms of their morphological characteristics. This is
an important observation, because it suggests a high
degree of organization within the transplants, even
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7 Electron micrographs from an inner plexiform region of a subretinal graft. (a) Shows two examples of conventional
amacrine cell synapses (-)) frequently found in inner plexiform regions of retinal transplants. Note the presynaptic
clusters of synaptic vesicles as well as the pre- and postsynaptic membrane thickenings. The postsynaptic targets of these
amacrine cell synapses are another amacrine cell process and a process with insufficient structural components to make
a positive identification (x). (b) Amacrine cell synapses arranged in a serial configuration were also common (). As is
shown in (c), amacrine cell processes also made contacts with (1), and received input from (), bipolar cell processes.
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Fig. 8: Electron micrographs of bipolar cell processes within retinal cell transplants. (a) This micrograph shows a bipolar cell
synaptic terminal (b), in an inner plexiform region of a graft, exhibiting a synaptic ribbon (I). Both postsynaptic
processes are of amacrine cell origin (a) in a typical dyadic arrangement. (b) Another bipolar cell terminal is shown
with a characteristic synaptic ribbon (1). The two postsynaptic processes are dissimilar; one ofwhich is of amacrine cell
origin (a), whereas the other exhibits electron-lucent cytoplasm, microtubules and no synaptic vesicles (x). (c) A bipolar
cell terminal (b) with a synaptic ribbon (I) is shown making a monadic synapse onto an amacrine cell process (a). (d)
An example is shown of a bipolar cell process (b) with a synaptic ribbon (I) not directly associated with the cell
membrane or any postsynaptic process.
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Fig. 9:
?ig. 10: Electron micrograph of an amacrine-to-amacrine cell synapse in an epiretinal transplant. Note the relatively few
synaptic vesicles clustered at the presy,naptic membrane () and the sparse nature of the cytoplasm.
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though they show rosettes and similar deviations
from the normal retinal lamination.
At the time of transplantation (stage El5; see
/25/), the rat retina is poorly developed. Most cells
are still neuroblastic, but synapses in the inner
plexiform layer have begun to form. There is no
outer plexiform layer yet. Photoreceptor outer
segments do not begin to develop until the fiith
postnatal day (see /8/). The observation of well
developed cells with different types of synapses
shows that significant growth and differentiation of
the transplanted cells had taken place, despite the
disruption of tissue structure that occurs during
transplantation as well as the foreign environment in
the host eye. Not only did all major synaptic types
develop, but there were also signs of more
advanced circuitry in the form of reciprocal
synapses involving two amacfine cell processes or a
bipolar and an amacrine cell process. However,
some regions contained less well developed cells.
The reason for this heterogeneity is not clear. Cells
from peripheral parts of the retina are known to
differentiate significantly later than cells from the
central regions. Donor tissue contained cells from
both the central and peripheral parts of the retina.
However, the developmental difference between
peripheral and central retina is less than one week in
the rat, and it therefore appears uncertain whether
this alone could account for the observed difference
in different parts of the transplant aiter a month or
more of development. It is conceivable that the
foreign milieu of the host retina slows down
development.
Different retinal cell types are identified on the
basis of specific characteristics seen in the electron
microscope. This identification is easier for some
cell types than for others. Each portion of highly
polarized photoreceptors has a very characteristic
appearance and is therefore usually easy to identify.
The presence of horizontal cells can be inferred
from the presence of processes with characteristic
location and structure in the invaginations of the
tetrad photoreceptor synapti terminals. Bipolar cell
processes can be similarly identified, and their
synapti terminals in regions corresponding to the
inner plexiform layer can be identified via the
characteristic synaptic ribbon they contain and the
distinctive organization of the postsynapti dyad.
The foremost characteristic ofan amacrine cell is its
synapse of the so-called conventional type, and
numerous such synapses have been observed.
Ganglion cells or their processes have not been
observed with certainty in these retinal cell
transplants. However, in this study, process profiles
have been seen that would have been classified as
likely to belong to ganglion cells in a normal retina.
For instance, it was commonly observed that the
bipolar cell dyads had postsynaptic processes oftwo
types, one of which was an amacrine cell process
whereas the other was different, with more
electron-lucent cytoplasm containing mierotubules
and no synaptic vesicles. Such profiles would, in
normal retinas, be classified as ganglion cell
processes. However without other supporting
evidence, such an identification cannot be made. It
may be noted that most degenerative retinal
diseases affect primarily the outer retina, leaving the
ganglion cells relatively intact. It is therefore not a
necessary requirement to have ganglion cells
develop in a retinal cell transplant in order to obtain
connections between the transplanted photoreceptor
cells and the brain of a host animal with a
tapetoretinal degeneration.
It has previously been shown that the lamination
is better developed in subretinal transplants than in
epiretinal ones/3/. Similar differences were seen in
this study.
Gap junctions have long been recognized
between horizontal cells in the retinal from fish and
other cold-blooded vertebrates. More recently, gap
junctions between amacrine cell processes and
between amacrine cell processes and bipolar cell
terminals have been described in both mammalian
and non-mammalian retinas. It has been shown
beyond doubt that gap junctions are present in both
the inner and outer plexiform layers in significant
numbers in all species examined /10,23,24,34-36/
and it is now accepted that they are a general
feature ofretinal circuitry.
Gap junctions have not been noted previously in
other transplants. The reason may be that they are
relatively difficult to discern and less common than
chemical-type synapses. There may also be species
differences, but this appears less likely, because we
have now seen them also in rabbit-to-rabbit retinal
cell transplants (Zucker, Bergstr6m and Adolph,
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unpublished observations). The observation of gap
junctions between amacrine cells in retinal cell
transplants in addition to the chemical synapses is
an indication that many of the neuronal circuits
found in normal retinas had developed in the
transplants.
Extensive processing of visual signals starts in
the retina which results in a highly coded message
that is transmitted by the optic nerve via many
parallel channels. With the appearance of both
photoreceptors with reasonably well developed
outer segments and the other cell types and
synapses seen in the normal retina, it appears that
not only light reception and transduction but also
some degree of signal processing should be possible
in the transplants. Electrophysiological studies/1,2/
have shown that this is indeed likely.
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